Abstract-In the review, the main types of autophagy (macroautophagy, microautophagy, and chaperonemediated autophagy) are shortly described. Data about the character of the influence of autophagy on the aging process and on the development of some neurodegenerative diseases in various organisms are analyzed. It is noted that this effect is usually (though not always) beneficial. Results of investigations of the phenomenon in experiments on mice, nematodes, fruit flies, bacteria, yeast, and cell cultures of higher organisms are considered. Obvious relationship between autophagy activation and cell proliferation restriction is emphasized. The latter, in our opinion, is the main cause of age-related accumulation of various defects (the most important of them is DNA damage) in cells and tissues, which leads to an increase in the death probability (i.e., to aging). It is concluded that studies of the role of autophagy in the aging process on the models of chronological aging in yeast or stationary phase aging of cell cultures could be considered as the most appropriate approach to the problem solution.
INTRODUCTION
Autophagy is translated from Greek as "self-eating," which fully reflects the essence of the process: various cytoplasmic substrates of the cell are delivered to the lysosomes, in which they are then destroyed. Three main types of autophagy can be distinguished; they differ in the volume of sequestered substrates and the mechanism of delivery of cytoplasmic components to the lysosomes. The most studied type is macroautophagy, which leads to the degradation of cell organelles and large macromolecules via the formation of special membrane structures, autophagolysosomes. At first, a portion of the cytoplasm with damaged substrates is sequestered in a two-membrane structure, phagophore, which then closes and becomes the autophagosome. The latter fuses with the lysosome to form the autophagolysosome. With the help of macroautophagy, the cell can renew the intracellular nonnuclear material [1] , destroying the old structures and creating new ones from the building blocks obtained as a result of "digestion."
In microautophagy, lysosome regions form invaginations, thus sequestering small structures and macromolecules without forming autophagosomes. Microautophagy is also known as basal autophagy [2] , because this process is maintained in cells at a constant level. Cells also use microautophagy when they experience energy deficiency. This is the way (digestion of small portions of the cytoplasm) which is used for obtaining energy by yeast [3] .
Chaperone-mediated autophagy does not require lysosomal membrane rearrangement: the "faulty" proteins are transported to the lysosome with the involvement of chaperone proteins [4] . Only the soluble cytosolic proteins can be transported this way; and to get inside lysosomes, these proteins should be unfolded [5] . The activity of macroautophagy and chaperone-mediated autophagy dramatically increases in stress, which helps cells to adapt to the environment [2] .
Macroautophagy also ensures the sequestration and digestion of pathogenic microorganisms (bacteria, viruses, and mycoplasmas). This partial case is called xenophagy [6] .
All cellular structures can be degraded via macroautophagy, but the "digestion" of mitochondria (mitophagy) is of particularly great importance [4, 7] , because the quality control of these organelles is essential for a long-term existence of the cell. Macroautophagy is strongly associated with mitochondrial biogenesis; in some cases, new mitochondria can be formed only with the use of the building blocks obtained by the cell from the "old" mitochondria [4] .
Over the past 10 years, the interest of researchers (including gerontologists) in autophagy has significantly increased. Apparently, it is this process which helps cells to eliminate the "faulty" organelles emerging with aging. In addition, a number of facts indicate the impact of autophagy on lifespan and aging. It is known that its activity decreases with age and that many age-related pathologies are associated with the disturbance of this process [1, 4] . Stimulation of autophagy may have an anti-aging effect [8] . It is also known that the effect of food restriction on lifespan is largely realized through autophagy [1] . In our opinion, autophagy has a limited effect on lifespan. Cells can obtain nutrients as a result of digestion of their own cytoplasm and can eliminate damaged organelles and macromolecules and renew them; however, if damage occurs in DNA, the main template of the cell, autophagy becomes useless.
In this review, we would like to briefly consider the data on the relationship between autophagy (primarily macroautophagy) and aging of organisms and cell cultures and to present some of our views on both the interpretation of data obtained in the studies of autophagy in cytogerontological experiments and the methodology of such studies.
AUTOPHAGY AND AGING According to the definition to which we adhere, aging is the set of age-related changes in the organism leading to an increase in the death probability [9] [10] [11] [12] . Over time, the ability of the organism to withstand environmental impacts decreases, the ability to resist infections is reduced, and the risk of development of age-related diseases increases. Apparently, the decline in the activity of autophagy contributes to all of these changes.
The positive effect of autophagy on lifespan was shown on model organisms. Pharmacological manipulations associated with the inhibition of the TOR (target of rapamycin) complex, which, similarly to calorie restriction, increase the lifespan of Caenorhabditis elegans and Drosophila melanogaster, activate autophagy [13, 14] . Genetic inhibition of autophagy in C. elegans leads to the fact that food restriction does not increase the lifespan [15] . D. melanogaster individuals carrying mutations in autophagy-regulating genes Atg7 and Atg8a (Atg is short for "autophagy-related genes") are hypersensitive to oxidative stress and have a shorter lifespan than the control flies [16, 17] . Enhancing the Atg8a gene expression, conversely, increases their average lifespan and resistance to oxidative stress [17] . In the mutants for the Atg7 gene, the development of neurodegenerative pathologies is observed [16] . In addition, an age-related decline in autophagy gene expression was shown in the nervous tissue of D. melanogaster, which entails the accumulation of markers of neurodegenerative diseases [17] . Knockout of Atg7 and Atg5 genes in the brain leads to the formation of inclusion bodies in the cytoplasm of neurons in mice; such inclusions were shown to accumulate in the brain with aging [18, 19] . Moreover, it was demonstrated that these genes are required for normal functioning of the central nervous system: Atg5 deficiency leads to disturbances in motor function [18] , and Atg7 deficiency causes disturbances in coordination and massive loss of neurons in the cerebellar cortex and cerebral hemispheres in mice [19] . In another study, it was shown that the Atg7 gene knockout in skeletal muscles of mice leads to atrophy of muscle fibers and development of degradation therein. In these animals, there is an accumulation of protein aggregates, damaged mitochondria and membrane structures, the sarcoplasmic reticulum distension, vacuolization of cytoplasm, and apoptosis in myocytes [20] . Thus, maintaining the activity of autophagy at a certain level is an absolute prerequisite for normal physiological functioning of skeletal muscles and neurons.
In aging cells, damaged macromolecules and organelles are accumulated [21, 22] . This is a ballast material, and it is difficult for the cell to eliminate it. Apparently, one of the factors that cause the accumulation of such "waste" is the decline in autophagy [23] . It must be emphasized that the renewal of cellular material via macroautophagy is essential for postmitotic cells, which cannot divide and thus renew their contents. Cardiovascular and neurodegenerative diseases develop with age, just because cardiomyocytes and neurons accumulate ballast proteins and damaged organelles in the course of life. "Cleaning" cells via autophagy can help them to function longer.
Consider how autophagy functions in the case of the skeletal muscle cells. With age, muscle fibers lose cells and undergo atrophy due to an imbalance between synthesis and degradation of proteins [24] . Fasting, disturbed innervation, or injuries, similarly to aging, lead to hyperactivation of catabolic pathways, which leads to the loss of muscle mass. In view of this, it would be logical to assume that autophagy more likely damages muscle fibers rather than protects them. However, data described in the above-mentioned study by Masiero and Sandri [20] contradict this assumption. Neurons are even more prone to accumulating degraded proteins with age than muscle fibers [24] . The main age-related neurodegenerative human diseases-Alzheimer's disease, Parkinson's disease, and Huntington's chorea-are associated with the accumulation of "waste" in nerve cells [1, 25] . It was found that, in Alzheimer's disease, β-amyloid accumulates in autophagosomes, but autophagosome do not fuse with lysosomes, as a result of which the peptide is not destroyed, as should occur in normal nerve cells. Experiments on fruit fly and mouse models of Huntington disease showed that the induction of autophagy decreased the amount of aggregates of the mutant protein huntingtin [26] . The "faulty" organelles and proteins are eliminated from nerve cells via both macroautophagy and chaperone-mediated auto-phagy. Maintaining these types of autophagy in the "old" nerve cells at the level characteristic of the "young" cells would probably help to prevent the development of neurodegenerative diseases.
Nevertheless, there is a standpoint according to which autophagy plays a negative role in the life activity of the organism. Cancer cells can use this process to survive (e.g., after chemotherapy) [27] . It was established that the treatment of breast tumor cells and colon cancer cells with anticancer drugs activates autophagy [28] . At the same time, autophagy inhibitors are used to fight against certain tumors [29] . In our opinion, this proves once again the viewpoint that autophagy is a universal process that facilitates the survival of any cells. As mentioned in our previous work [30] , it is important to distinguish the effect of a factor on individual cells within the organism and the effect on the organism itself. For example, the transition of a cell to the senescent state, on the one hand, is beneficial for the organism, because the cell does not become cancerous, but, on the other hand, the number of senescent cells becomes too high and they disturb the functioning of tissues and organs [31] . If a malignant tumor has already formed, autophagy cannot help the organism. However, this process can also be used by the normal cells; it is particularly necessary for neurons, cardiomyocytes, and long-lived immune memory cells [7] . We still tend to believe that autophagy is a way to protect cells from adverse conditions rather than a tool to trigger their death.
AUTOPHAGY, CELLULAR SENESCENCE, AND CELL PROLIFERATION RESTRICTION
In cytogerontology, there are two basic models of cellular aging-the Hayflick model (replicative aging) [32, 33] and the "stationary phase aging" of cell cultures [21, [34] [35] [36] [37] . In the classic replicative aging "according to Hayflick," the number of cell divisions is counted. After a certain number of passages, normal cells cease to divide and become senescent, because their telomeres become highly shortened. To date, a model is often used in which cells are made "senescent" by damaging them, so that they become unable to divide. This is the so-called stress-induced premature senescence (SIPS) [31, 35, 38] . Such a formulation of the problem makes it possible to use not only normal but also transformed cells in experiments. It should be noted that the proponents of this model believe that both autophagy and SIPS protect the organism from cancer [39] . There is also a standpoint that autophagy can serve as a trigger that activates DNA damage and, thereby, initiates SIPS [40] . We believe that autophagy normally should not trigger this process and that this effect is probably associated with excessive activation of autophagy, which is caused by creating nonphysiological conditions (for example, using chemotherapy).
Yeasts, unicellular eukaryotic organisms, are often used as a model object to study autophagy. Such experiments are performed using primarily the chronological aging model, when cells reach the stationary growth phase, after which their proliferation stops [41, 42] . Activation of macroautophagy prolongs the life of "chronologically aging" yeast cells [43, 44] , whereas its inhibition leads to premature cell death [45] . Restriction of the amount of amino acids in the nutrient medium leads to an increased lifespan of Saccharomyces cerevisiae; however, this effect disappears if the process of autophagy is disturbed [46] . Thus, the effect of calorie restriction in yeast is likely to be mediated via autophagy. It was also demonstrated that the short-lived S. cerevisiae mutants have mutations in the Atg genes [46] .
Bacteria have a mechanism that is similar in principle to the autophagy of eukaryotes, which is manifested in a decrease in cell size ("dwarfing"), since part of the cytoplasm is "digested." This process is also activated in the stationary growth phase of culture [47] and facilitates the survival of cells under nutrient deficiency conditions.
The "stationary phase aging" of cultured cells derived from multicellular organisms is similar to the chronological aging in yeast [42] . Cells become "old" in the stationary phase of growth, when the culture reaches a monolayer, after which proliferation stops as a result of contact inhibition. This model system is based on the concept that cell proliferation restriction leads to the accumulation of macromolecular lesions in cultured cells, similar to the lesions that accumulate in the postmitotic cells of a multicellular organism with age [21, 22, 48, 49] . In our experiments [50] , we have repeatedly observed vacuolation of the cytoplasm of "stationary phase age" transformed Chinese hamster cells and normal human fibroblasts. This indicates an active digestion of the cytoplasmic material, when organelles and macromolecules in cells acquire numerous defects. However, the degradation process continues in cells that are unable to divide, and, sooner or later, autophagy ceases to "rescue" them. If the nuclear structures (most importantly, DNA) rather than the cytoplasmic structures in the postmitotic cell are damaged, then the negative consequences of such disturbances for cells can only be prevented by the DNA repair system. Nevertheless, even this system cannot completely eliminate all errors. However, if the cytoplasm contains no damaged mitochondria, then reactive oxygen species are not generated in excess and, therefore, the risk of DNA damage is reduced. Nevertheless, it should be emphasized that there are organisms that chose another way: they just dump the cells that have accumulated defects and replace them with new ones. It is this way which is used by the freshwater hydra [51] . Due to the high proliferation rate, the damaged cells in the organism of the hydra are constantly "diluted" with the new ones. is not suitable, because it is the presence of highly differentiated cell populations that ensures the normal functioning of individuals. For this reason, such organisms have to search for a way to eliminate the defects in postmitotic cells. However, autophagy plays an important role even in the hydra's life, helping the polyp to survive during starvation [52] , which suppresses the renewal of cells of the organism. In our view, it is better to trigger macroautophagy in a natural way rather than by using various calorie restriction mimetics (rapamycin, resveratrol, etc.), because addiction to them may develop over time [30, 53] . In such a natural way, this process is activated in our "stationary phase aging" model.
CONCLUSIONS
Thus, despite the existence of the standpoint that autophagy is a negative regulator of vital functions, there is more evidence of its beneficial effects (including positive impacts in terms of gerontology). All types of autophagy in one way or another extend lifespan. Since autophagy is more important for postmitotic cells, the study of the role of this process in the lifespan determination and regulation of aging of organisms in the model of "stationary phase aging" of cell cultures, in which cell proliferation is stopped due to contact inhibition, can be considered the most appropriate.
